Abstract: There is considerable interest in characterization of wear debris from polyethylene (UHMWPE) bearing components used in total joint replacement. To isolate UHMWPE wear debris, tissue samples must be excised from regions adjacent to revised UHMWPE implant components, followed by exposure to one of many available tissue digestion methods. Numerous studies demonstrate successful digestion, but the relative efficiency of each method is not clear. The purpose of this study was to evaluate a variety of conditions for tissue digestion to provide a quantitative comparison of methods. Porcine and human hip tissues were exposed for 24 h to basic, acidic or enzymatic agents, filtered and digestion efficiency calculated based on the percentage of initial to final tissue weight. Of the conditions tested, 5 M NaOH, 5 M KOH, 15 M KOH or 15.8 M HNO 3 yielded the most complete porcine hip tissue digestion (<1% residual tissue weight; p < 0.05). Proteinase K and Liberase Blendzyme 3 did not effectively digest tissue in a 24 h period. Similar to results from the porcine dataset, human tissues digestion was most efficient using 5 M NaOH, 5 M KOH or 15.8 M HNO 3 (<1% residual tissue weight; p < 0.05). To verify that particle surface modifications did not occur after prolonged reagent exposure, GUR415 and Ceridust 3715 particles were immersed in each solution for 24 h. Overall, this study provides a framework for thorough and efficient digestive methods for UHMWPE wear debris extraction. '
INTRODUCTION
UHMWPE-mediated osteolysis is a significant complication of total joint replacement, which contributes to decreased implant fixation and limits the long-term survival of joint replacement components.
1,2 UHMWPE wear debris generated by articulating implant component surfaces is implicated in the activation of a biological cascade associated with the onset of osteolysis and, ultimately, aseptic implant loosening. [3] [4] [5] [6] Specifically, particle-induced macrophage activation marks the beginning of a chronic inflammatory response and the release of various cytokines and factors that promote adverse biological responses and/or bone loss. The formation of osteoclasts, bone resorbing cells, as well as a partial reduction in bone formation, leads to a predominance of bone loss at the prosthesis-bone interface. [7] [8] [9] The UHMWPE wear debris-induced activation and progression of chronic inflammation, and the potential for osteolysis, is dependent on several aspects of particle generation, which include particle accumulation, size and shape. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Particulate wear debris results from the motion between opposing implant bearing surfaces. The generation of wear debris is a function of several variables, which include lubrication, sliding distance, specifics of the manufacturing of the UHMWPE component and amount of use of the joint. 21 Shanbhag et al. showed that wear particle size also varies by joint type based on differences in the loading and conformity of mating bearing surfaces. 14 In addition, implant exposure to oxygen-rich biological fluid can cause in vivo degradation of the mechanical properties of UHMWPE components, which leads to an increase in the overall wear rate. 21, 22 As new polymer bearing components are introduced, such as highly-crosslinked UHMWPE, a detailed understanding of the UHMWPE wear behavior is necessary.
The process of studying clinically relevant wear debris begins at the time of implant removal and the surgical excision of adjacent or periprosthetic tissue. This is followed by tissue digestion to extract embedded UHMWPE, metal, ceramic and/or bone cement debris. Previous tissue digestive approaches to isolate UHMWPE wear debris include the use of basic, acidic and enzymatic reagent solutions (Table I ). In general, periprosthetic tissue digestion has been accomplished using a range of reagents, temperatures, solution concentrations, and digestive time periods. Sodium hydroxide (NaOH) and potassium hydroxide (KOH) are common basic reagents used for tissue digestion. Campbell et al. digested tissue at 658C for 1-5 h with 5 M NaOH, and these conditions have been subsequently widely used by others. 16, 23, 24 The digestion time was extended to 24 h by other investigators to achieve complete digestion of formalin fixed tissues. 25 [27] [28] [29] Tissue digestion to purify and extract UHMWPE wear debris has also been achieved using acid reagent solutions. Margevicius et al. digested formalin fixed tissue at room temperature for 48 h using concentrated nitric acid (HNO 3 ), which were conditions used by others to digest fresh tissue. [30] [31] [32] [33] Hydrochloric acid (HCl) has been used in limited instances, but with poor efficiency compared to tissue digestion in concentrated HNO 3 . 30 Another approach has been to use enzymatic solutions to digest tissue. Maloney et al. exposed tissue to 7 mg/ mL of papain in phosphate buffer (pH 6.5) containing 2 mM N-acetylcysteine at 658C, and other investigators used 0.3 mg/mL of papain. [34] [35] [36] [37] The use of papain required 2-3 days and daily addition of fresh enzyme stock. In another study, tissue was digested in 2 mg/mL of collagenase in phosphate buffer (pH 7.0) for 24 h at 378C. 38 While each of these approaches have been used to isolate wear debris, the relative digestive efficiency of these agents remains unclear.
Based on many of the previous studies, the ASTM standard document 39 for particle analysis suggests a number of digestion solutions can be used to extract UHMWPE particles. However, these standards provide neither conclusive guidance nor comparative assessment of particle isolation techniques. The purpose of this study was to evaluate a variety of conditions for tissue digestion to provide a quantitative and comparative assessment of digestion efficiency.
MATERIALS AND METHODS

Materials
The following materials were used: sodium hydroxide (NaOH, Catalog: S3181), potassium hydroxide (KOH, Catalog: 1310-58-3) (Fisher Scientific, Hampton, NH), Proteinase K (Catalog: BIO-37037, Bioline, Randolph, 
Tissue Collection
Porcine hip tissue was obtained from six regions of a single animal cadaver. Human hip capsule tissue was collected from eight patients at the time of primary total hip replacement surgery. All tissue samples were wrapped in saline-wetted gauze, transported to the laboratory in a sterile container on wet ice, flash frozen and stored at 2808C until the time of testing. Tissue collection and storage procedures were in accordance with the IRB guidelines of each participating institutions.
Tissue Digestion Conditions
Tissue samples were cut into 1 g tissue pieces, which were then cut into 0.25 3 0.25 cm cubes and exposed for 24 h to basic, acidic or enzymatic solutions to compare digestion efficiency. The tissues were processed by a single researcher, and all efforts were made to ensure the resultant size of each tissue was consistent by using a 0.25 cm grid. The digestion agents were prepared in 10 mL aliquots of distilled water for bases and acids, and PBS pH 7.4 for enzymes. After 24 h, each tissue digestive solution combination was diluted to a total volume of 200 mL by addition of distilled water. Dilution was necessary to avoid exposure of the polycarbonate filter to strong alkalinity ([6 M NaOH), which can compromise the structural integrity of the filter. Nucleopore 1 polycarbonate filters with a pore size of 1 lm were weighed before sample filtration. Diluted samples were vacuumfiltered, transferred to Petri dishes and thoroughly dried for 1 h by convection heat lamps followed by 4-6 h at ambient temperature. Filters were reweighed and weight measurements were recorded. All samples were weighed on a calibrated scale with precision to four decimal places.
To compare the efficacy of basic, enzymatic, and acidic digestion methods, porcine or human hip tissues were subjected to several different agents. For basic digestion, three concentrations of NaOH and KOH were assigned to create a 2 3 3 array with six test conditions (porcine , Table II ; human, Table III ). The concentrations for each base were 5, 10, and 15 M. Each test condition was repeated six times.
For enzymatic digestion, Proteinase K and Liberase Blendzyme 3 were chosen for porcine tissue digestion. Three protease concentrations were assigned to a 2 3 3 array with six total test conditions (Table II) . The concentrations for Proteinase K were 1, 2, and 3 mg/mL; concentrations for Liberase Blendzyme 3 were 0.1, 0.2, and 0.3 mg/mL. Enzyme concentrations were selected based on amounts of proteinase and collagenase used in previous wear debris isolation studies. 25, 26 Each test condition was repeated six times.
For acid digestion, two concentrations of HNO 3 were used to digest tissue. The concentrations for each acid digestion were 11 M (49%) and 15.8 M (concentrated, 70%) (porcine , Table II; human, Table III ). Each test condition was repeated three times.
For all treatments, 1 g of porcine or human hip tissue was digested in an oscillating water bath for 24 h at 658C, 378C, or 258C for basic, enzymatic, or acidic digestion, respectively. No chloroform/methanol extraction was performed before digestion.
Tissue Digestion Efficiency Calculations
To evaluate digestion efficiency, initial and final filter and tissue weights were measured, and the percentage of residual or undigested tissue was determined for each test condition. The final filter weights represented the amount of residual digested tissue that did not pass through the 1 lm filter pores during vacuum-filtration.
ESEM
To check for surface modifications, GUR415 UHMWPE powder and Ceridust 3715 HDPE particles were exposed to optimal digestive conditions, 5 M NaOH, 5 M KOH, and 15.8 M HNO 3 . Filtered samples were mounted on aluminum ESEM stubs with double-sided adhesive tape. Using a 208HR High Resolution Cressington Sputter Coater, filtered particulate samples were coated with Pt-Pd for 10 s to yield an appropriate coating thickness of 4 nm. Samples were imaged at 35003 or 50003 magnification with a beam intensity of 3 kV using an Environmental Scanning Electron Microscope at Drexel University's Centralized Research Facility (Philips, XL-30). 
RESULTS
Porcine Tissue Digestion Comparisons
For porcine hip tissue, results of each digestion condition are shown in Figure 1 . The residual tissue percentages after 24 h of digestion were statistically lowest for 5 M NaOH, 5 M KOH and 15 M KOH (p \ 0.05). These treatments resulted in final tissue weights of \1% of the initial tissue weight. However, based on photodocumentation (Figure 2 ), only filters from the 5 M NaOH digested samples showed minimal amounts of undigested tissue material. All other samples, including the 5, 10, and 15 M KOH treated samples, contained undigested cellular material. Filter images in Figure 2 are representative of the amount of residual tissue debris. Porcine tissue digested with enzymatic solutions yielded varied results after 24 h at 378C. Tissue samples were digested to a very limited extent by all concentrations of Proteinase K, and most of the original tissue pieces were still visible after 24 h (Figures 1 and 2 ). Moderate improvements in digestion efficiency were observed with increased enzyme concentration (3 mg/mL), although the improvements were not statistically significant. For Liberase Blendzyme 3 improved levels of tissue digestion were observed compared to Proteinase K, but the digestion did not reach the lowest residual tissue weight of \1% (Figures 1 and 2) .
Porcine tissue digested in 15.8 M HNO 3 resulted in very thorough digestion (p \ 0.05; Figure 1 ). The residual tissue weight was less than 1% of the initial tissue weight, and little or no cellular material was observed on the filter (Figure 2 ). Tissue digestion with 11 M HNO 3 (50% v/v) was not as complete, and residual tissue clumps and the filter itself, had a yellowed appearance.
Formalin Fixed Tissue Digestion
To evaluate fixed tissue digestion, porcine tissue was placed in formalin fixative (10% (v/v) neutral buffered formalin) for 2 weeks. One gram of porcine tissue was cut into small pieces (0.25 3 0.25 cm) and placed into either 5 M NaOH, 5 M KOH, or 15.8 M HNO 3 for 24 h. Digested samples were filtered and the percentage of undigested tissue was calculated based on the original and final filter plus tissue weights. Formalin-fixed tissue samples yielded higher residual weights when digested using 5 M NaOH or 5 M KOH compared to nonfixed tissue (p \ 0.05; Figure 3) . Whereas, digestion of formalin-fixed tissues was highly efficient using HNO 3 , resulting in less than 1% of the original tissue weight (Figure 3) . A finding that was essentially identical to the results for nonfixed tissue digestion. The overall percentage of residual tissue weight was statistically lower for HNO 3 digestion of formalin-fixed tissue as compared to basic 
Human Tissue Digestion Comparisons
Based on the most efficient digestion of porcine tissues, human capsule tissue samples were exposed to basic and acidic digestion using conditions outlined in Table III . Digestion was highly effective with 5 M NaOH, 5 M KOH or 15.8 M HNO 3 when compared to other concentrations (p \ 0.05; Figure 5 ). These treatments resulted in final tissue weights of less than 1% of the initial tissue weight. Digestion results for higher concentrations of NaOH and KOH were more variable; specifically for NaOH, higher molar concentrations did not effectively digest human capsule tissue after 24 h.
ESEM Evaluation of Particle Surfaces
To verify that basic and acidic solutions did not alter the surface of UHMWPE particles, GUR415 UHMWPE powder and Ceridust 3715 particles were separately immersed in 5 M NaOH, 5 M KOH, or 15.8 M HNO 3 for 24 h. GUR 415 UHMWPE powder and Ceridust 3715 particles were also immersed in distilled water for 24 h as a control. GUR 415 was selected to be representative of a conventional UHMWPE implant component ([10 lm), whereas Ceridust 3715 was selected as a more clinically relevant supply of 5-10 lm diameter HDPE particles. Recently, Ceridust particles have also been used on exposed mouse calvaria during an in vivo study of particle biological activity. 40 Treated particles and the untreated control group were filtered onto 1 lm polycarbonate filters, and dried overnight at ambient temperature in a Petri dish. After preparation for ESEM, the samples were imaged with a beam intensity of 3 kV to avoid beam-induced melting of the UHMWPE. The representative images presented in Figure 6 show that exposure of GUR415 UHMWPE powder to 5 M NaOH, 5 M KOH, or 15.8 M HNO 3 did not result in changes to the particle surface. Specifically, the treated particles retained the small fibril-like features that were visible on the untreated control group. Inspection of Ceridust particles from each of the digestive and control conditions revealed a similar appearance of the particle perimeter/boundary ( Figure 7) . Both results verify that exposure to basic or acidic digestive solutions for a period of 24 h does not etch or alter the UHMWPE surface.
DISCUSSION
This study undertook a quantitative comparison of existing methods used to digest periprosthetic tissue for UHMWPE wear debris analysis. First, a method for evaluating and comparing the efficiency of tissue digestion solutions by quantifying residual tissue weight was reported. Second, human tissues were most completely digested by 5 M NaOH, 5 M KOH or 15.8 M HNO 3 solutions. All other concentrations of the acid and base digestive agents, as well as enzymatic solutions, contained undigested pieces of tissue. Third, ESEM evaluation verified that UHMWPE particles and Ceridust particles exposed to NaOH, KOH and HNO 3 solutions do not undergo morphological changes. Finally, digestion of formalin-fixed tissue was most complete with 15.8 M HNO 3 . This study results show that, over a period of 24 h, neither Proteinase K nor Liberase Blendzyme 3 effectively digested tissue. However successful enzymatic tissue digestion has been reported by a number of investigators (Table I) . Campbell et al. reported that successful digestion was achieved using bacterial collagenase over a 24-h period, which is the shortest enzymatic method presented in the literature. 38 Successful digestion was based on a visual assessment of the digest after ultracentrifugation. Other researchers have used papain, which required the daily addition of fresh enzyme over 3 days to extract particles. [34] [35] [36] [37] In the present study, digestion using Liberase Blendzyme 3 and Proteinase K concentrations was not extended beyond 24 h, since the need for constant monitoring and extended time involvement as well as the high cost of materials make this approach much less appealing. Similar to other studies, lower molar solutions of NaOH or KOH were found to be effective digestive solutions. Studies by Campbell et al. showed that 5 M NaOH effectively solubilized tissue within a 24 h time period. 16, 23, 24 Shanbhag et al. used 4 M KOH at 568C for 48 h to digest tissue. 28 Additionally, concentrated HNO 3 was an effective digestion solution. This is in agreement with Slouf et al. who used concentrated HNO 3 over a 48 h time period. 30, 32 Overall, the present study shows that using 5 M NaOH or KOH at 658C or 15.8 M HNO 3 at room temperature resulted in 99% of tissue digestion after 24 h.
Since many of the periprosthetic tissues are placed in formalin, this study evaluated digestion efficiency of the acid and base solutions on formalin-fixed porcine tissues. Digestion using concentrated HNO 3 was significantly more efficient than 5 M NaOH or KOH solutions. Unlike the basic solutions, the digestive action of 15.8 M HNO 3 was not affected by formalin fixation as compared with nonfixed tissues (Figures 3 and 4) 27, 29 The authors do not wish to suggest formalin fixation as a general standard for collecting tissue retrieval, as this method of preservation can impose limits on complementary analyses of tissue samples by histological or immunohistochemical methods. However, this data suggests that thorough tissue digestion can be achieved using concentrated HNO 3 for instances where formalin fixation is the existing protocol of tissue collection.
The results of the current quantitative study highlight the variability of current tissue digestion methods. Of the fourteen conditions tested, three digestive solutions resulted in residual tissue weight less than 1% of the initial sample tissue weight: 5 M NaOH, 5 M KOH and 15.8 M HNO 3 . Several advantages of using HNO 3 are that sample dilution and thus the final sample volume can be reduced because concentrated HNO 3 does not affect the polycarbonate filter used to filter out the UHWMPE wear debris, and it does not affect the UHWMPE particle morphology. Additionally, concentrated nitric acid has been used to isolate metal particles resulting in \1% of particle dissolution and no change in morphology after 48 h, as confirmed by atomic absorption spectroscopy and ESEM, respectively. 30 In con- trast, alkali solutions ranging from 2 to 12 M have been shown to affect the size and ion composition of metal particles as early as 2 h after exposure. 41, 42 Based on the current evaluation of digestion efficiency, and previous wear debris analysis, concentrated HNO 3 is both effective and the least destructive digestive solution. These results provide a basic framework for expedited and efficient tissue digestion to extract UHMWPE or metal wear debris.
